Increasing evidence indicates that endoplasmic reticulum (ER) stress is involved in various diseases. In nongestational tissues, several markers of the unfolded protein response (UPR) have been shown to regulate the inflammatory response. Thus, the aim of this study was to determine the effect of human labor on markers of ER stress in fetal membranes and myometrium. In addition, the effect of ER stress inhibition on the expression and secretion of proinflammatory and prolabor mediators was also assessed. The markers of ER stress, GRP78, IRE1, and spliced XBP1 (XBP1s), were significantly increased in fetal membranes and myometrium after term and preterm labor compared to nonlaboring samples. Given that inflammation is considered to be one of the leading causes of spontaneous preterm birth, here we used bacterial endotoxin lipopolysaccharide (LPS) as a model for infection-induced preterm birth. In term nonlabored fetal membranes and myometrium, LPS induced UPR activation as evidenced by a significant increase in the expression of GRP78, IRE1, and XBP1s in fetal membranes and myometrium. The use of the chemical chaperones 4-phenylbutyric acid (4-PBA) and tauroursodeoxycholic acid (TUDCA) alleviated ER stress induced by LPS. 4-PBA and TUDCA also ameliorated the increase in LPS-induced prolabor mediators. Our data suggest that the UPR may regulate the inflammatory responses associated with labor or infection in fetal membranes and myometrium of pregnant term and preterm women. Thus, the use of ER stress inhibitors, in particular 4-PBA or TUDCA, may be a potential therapeutic strategy for the prevention of infection-mediated spontaneous preterm birth. endoplasmic reticulum stress, fetal membranes, human labor, inflammation, myometrium, preterm labor
INTRODUCTION
It is estimated that 15 million babies are born prematurely worldwide each year [1] . Despite recent medical advances in materno-fetal care, preterm birth (,37 wk gestation) remains one of the leading causes of neonatal mortality [2] . For infants who survive preterm birth, they are often associated with increased risk of developing infection [3, 4] and long-term developmental disabilities [5] . In addition to the emotional burden on families, the consequences of preterm birth also imposes a considerable financial burden to the community with health care costs exceeding over $26 billion annually in the United States in 2005 [6] .
The physiological changes that occur with spontaneous labor such as, cervical ripening, myometrial contractility and fetal membrane rupture are identical at both term and preterm gestations [7] . Although the precise etiology of labor onset remains unclear, there is strong evidence implicating prostaglandins (PGs), inflammatory cytokines, and extracellular matrix (ECM) remodeling enzymes to play important roles in the spontaneous onset and progression of labor [8] [9] [10] [11] . Inflammation, in particular, is considered to be a classical hallmark of labor. Indeed, bacterial infection is a major causative factor in idiopathic preterm labor or premature rupture of fetal membranes, which account for up to 65% of all preterm delivery cases [12] .
A variety of human diseases involve endoplasmic reticulum (ER) stress, a condition characterized by an accumulation of misfolded proteins in the ER lumen [13] [14] [15] [16] [17] [18] . Pathological insults like environmental toxins, viral infection, and inflammation are thought to induce ER stress by disturbing the sensitive folding environment and triggering the unfolded protein response (UPR). The UPR can be mediated by three major pathways, which are initiated by the three transmembrane signaling proteins located on the ER membrane: inositolrequiring enzyme 1 alpha (IRE1), activating transcription factor 6 (ATF6), and pancreatic ER kinase (PERK). Under normal conditions, they are inactive because of binding to the ER chaperone immunoglobulin heavy chain binding protein/ glucose-regulated protein 78 (GRP78) [19] ; however, the accumulation of unfolded or misfolded proteins within the ER lumen leads to the dissociation of GRP78 from the ER stress transducers, leading to their activation [20] . The UPR acts to alleviate ER stress by translation attenuation, clearance of misfolded proteins through ER-associated degradation, and increased ER folding capacity via the upregulation of ER chaperones such as GRP78 and GRP94 [21, 22] . However, if the response is unable to rescue cells, the ER stress will eventually lead to cell death (caspase-mediated apoptosis) [23] .
There is now increasing evidence that UPR components, specifically the IRE1 pathway, can regulate inflammation. For example, the IRE1 pathway activates the production of proinflammatory cytokines including interleukin (IL) 8, IL6, and tumor necrosis factor alpha (TNF) [24, 25] . All three arms of the UPR have been shown to regulate nuclear factor KB (NFKB) activation and downstream signaling, albeit via different mechanisms [26] [27] [28] . Generally, NFKB is kept in an inactive form within the cytoplasm by IKB proteins, which prevent its activation and nuclear translocation [29] . The IRE1 branch of the UPR activates NFKB through the classical NFKB pathways by causing IKB degradation [27, 30] whereas the PERK branch of the UPR activates NFKB by translational suppression of IKB [26] . The ATF6 branch of the UPR can also cause NFKB activation [28] when ER stress is induced by subtilase cytotoxin; however, the exact mechanism of this activation is not known. Of note, proinflammatory cytokines produced following NFKB activation can themselves activate ER stress by a positive feedback mechanism and thus help to maintain an inflammatory state [31] .
Placenta ER stress has been described in the placenta of women with intrauterine growth restriction and preeclampsia [32, 33] , where it adversely affects placental development [34] . However, to date, there are no published studies of the role of ER stress in human labor. Given the central role of inflammation in the processes of human labor and delivery [8] [9] [10] [11] 35] and the increasing evidence that ER stress, specifically IRE1, regulates inflammation in nongestational tissues [14-18, 24, 25] , we hypothesized that, in human gestational tissues, the IRE1 pathway of the UPR is increased after spontaneous human labor and that it regulates prolabor mediators.
Inflammation caused by chorioamnionitis or intrauterine inflammation accounts for approximately 25%-40% of all preterm births [12, 36, 37] . Ureaplasma urealyticum, a gramnegative bacteria, is commonly isolated in women with chorioamnionitis. Intra-amniotic infections with gram-negative bacteria are associated with a greater cytokine and chemokine response compared to infections caused by gram-positive pathogens [38] . Neonatal sepsis mediated by gram-negative bacteria is also associated with significant increases in neonatal morbidity and mortality in neonates compared to gram-positive bacteria [39, 40] . In animal models, the administration of lipopolysaccharide (LPS), a component of the cell wall of gram-negative bacteria, is used to model clinical chorioamnionitis given its ability to induce a high-grade intrauterine inflammatory response, in the absence of a bacterial infection. LPS has also been used in myometrial tissue to model chorioamnionitis and spontaneous labor onset in vitro [41] , and has been recently shown to promote contractility in uterine myocytes [42] . Therefore, this study will utilize LPS to generate a model of chorioamnionitis and spontaneous labor in human myometrium and fetal membranes in order to examine the influence of ER stress on prolabor mediators.
Thus, the aims of this study were to determine the effects of 1) human term and preterm labor and bacterial endotoxin LPS on IRE1 pathway in fetal membranes and myometrium and 2) the ER stress inhibitors 4-phenylbutyric acid (4-PBA) and tauroursodeoxycholic acid (TUDCA) on LPS-induced prolabor mediators in fetal membranes and myometrium. 4-PBA, a chemical chaperone that stabilizes protein conformation in the ER [43] , represses ER stress/UPR activation in vitro and in vivo [44] [45] [46] [47] [48] [49] . TUDCA is an endogenous bile acid derivative that acts as a potent chemical chaperone that inhibits ER stress in vitro [50] and in vivo [46] . 4-PBA and TUDCA are two commonly used chemical chaperones in a number of comprehensive studies examining the pathological effects of ER stress in many inflammatory diseases in nongestational tissues [51, 52] .
MATERIALS AND METHODS

Tissue Collection
The Research Ethics Committee of Mercy Hospital for Women approved this study. Written informed consent was obtained from all participating women. All tissues were obtained from women who delivered healthy, singleton infants. All tissues were brought to the research laboratory and processed within 15 min of the cesarean delivery. Women with any underlying medical conditions such as diabetes, asthma, polycystic ovarian syndrome, preeclampsia, and macrovascular complications were excluded. Additionally, women with multiple pregnancies, obese women, and fetuses with chromosomal abnormalities were excluded.
Fetal membranes were obtained from women at 1) term with no labor undergoing elective Cesarean section (indications for Cesarean section were breech presentation and/or previous Cesarean section) (n ¼ 8 patients) and 2) term after spontaneous labor, spontaneous membrane rupture, and normal vaginal delivery (n ¼ 8 patients). For fetal membranes from the nonlaboring group, samples were obtained from the supracervical site (SCS). Identification of the SCS was performed as described previously [53] . In the after-labor group, fetal membrane collection from the site of membrane rupture was performed as previously described [54] ; amnion and underlying choriodecidua were collected from along the line of fetal membrane rupture. Clinical details of the patients are detailed elsewhere [54] . There was no difference in maternal age and body mass index (BMI), parity, or gestational age of the patients recruited. The mean duration of labor was 6.5 6 0.7 h. Tissue samples were fixed and paraffin embedded for immunohistochemical analysis or snap frozen in liquid nitrogen and immediately stored at À808C for expression analysis by quantitative RT-PCR (qRT-PCR) and Western blotting.
Myometrium was obtained from consenting women at the time of term Cesarean section (!37 wk gestation). Myometrial biopsies were collected from two groups of women: 1) pregnant women undergoing elective Cesarean section in the absence of labor (n ¼ 8 patients); and 2) pregnant women who were delivered during active labor (labor was defined as the presence of regular uterine contractions [every 3-4 min] resulting in cervical effacement and dilation; n ¼ 8 patients). Women were excluded from the study if they had a multiple pregnancy or evidence of active infection. A myometrial biopsy was obtained from the upper margin of the lower uterine segment incision during the Cesarean section. Tissue samples were fixed and paraffin embedded for immunohistochemical analysis, or snap frozen in liquid nitrogen and immediately stored at À808C for expression analysis by qRT-PCR and Western blotting.
Fetal membranes were also obtained from women at preterm 1) with no labor, undergoing Cesarean section (n ¼ 10 patients); 2) after spontaneous labor and normal vaginal delivery (n ¼ 10 patients); and 3) after spontaneous labor and normal vaginal delivery with histologically confirmed chorioamnionitis (n ¼ 8 patients). All placentas collected from preterm gestations were swabbed for microbiological culture investigations and histopathological examination. Women with preeclampsia, preexisting diabetes, asthma, or multiple pregnancies and fetuses with chromosomal abnormalities were also excluded. Indications for preterm delivery (in the absence of labor) were placenta previa, placental abruption, antepartum hemorrhage, or Rhesus isoimmunization. For the preterm labor study, fetal membranes from both the nonlaboring and afterlabor preterm groups were obtained 2 cm from the periplacental edge. The clinical details of the preterm patients are presented in Table 1 . Tissue samples were snap frozen in liquid nitrogen and immediately stored at À808C for expression analysis by qRT-PCR.
Tissue Explant Culture
Tissue explants were performed to determine the effect of two inhibitors of ER stress, 4-PBA and TUDCA, on prolabor mediators in human term fetal membranes and myometrium treated with LPS.
Tissue explants were performed as previously described on fetal membranes (2 cm from the periplacental edge) and myometrium obtained from nonlaboring women at the time of term Cesarean section [55, 56] . Briefly, fresh fetal membranes and myometrium (collected as detailed above) were placed in Dulbecco modified Eagle medium (DMEM) at 378C in a humidified atmosphere of 8% O 2 (fetal membranes) or 21% O 2 (myometrium) and 5% CO 2 for 1 h. Tissues were blotted dry on sterile filter paper and transferred to 24-well tissue culture plates (100 mg wet weight/well for fetal membranes and 50 mg wet weight/well for myometrium). The explants were incubated in 1 ml DMEM containing 100 U/ml penicillin G and 100 lg/ml streptomycin.
LIONG AND LAPPAS
The effects of 4-PBA and TUDCA were determined in fetal membranes and myometrium. Tissues were pretreated with 4-PBA (5 mM) or TUDCA (2 mM for fetal membranes and 5 mM for myometrium) for 60 min before the addition of 10 lg/ml LPS derived from Escherichia coli O26:B6 (Sigma-Aldrich) for 20 h. The concentrations of 4-PBA and TUDCA were based on previous studies [44, 45] and optimized after an initial dose-response curve for each tissue. After final incubation, tissue and media were collected separately and stored at À808C for further analysis as detailed below. Experiments were performed on tissues from six patients.
Gene Knockdown of GRP78, ATF6, and IRE1 with Small Interfering RNA Primary myometrial cells were used to investigate the effect of small interfering RNA (siRNA)-mediated gene silencing of GRP78, ATF6, and IRE1 on proinflammatory cytokine secretion. Myometrium was obtained from women who delivered healthy, singleton infants at term (37-39 wk gestation) undergoing elective Cesarean section in the absence of labor. Cells were isolated and cultured as previously described [57, 58] . Cells at approximately 50% confluence were transfected using SilenceMag reagent according to manufacturer's guidelines (Oz Biosciences) and as we have previously described [57] . GRP78, ATF6, IRE1, and negative control (NC) siRNA were obtained from Sigma-Aldrich. An initial dose-response study was performed using 50-200 nM siRNA. The decrease in GRP78, ATF6, and IRE1 gene expression (as assessed by qRT-PCR) was highest using 200 nM (data not shown); thus, all subsequent experiments were performed using this dose. Cells were transfected with 200 nM of GRP78, ATF6, and IRE1 or NC siRNA in DMEM/F-12 for 48 h. The medium was then replaced with DMEM/F-12 (containing 0.5% bovine serum albumin [BSA] [w/v]) with or without 1 ng/ml IL1B, and the cells were incubated at 378C for an additional 24 h. Incubation medium was collected and stored at À808C until assayed for cytokine release as detailed below. The response to IL1B between patients varied greatly, as we have previously reported [57] . Thus, data are presented as fold change relative to IL1B-stimulated NC siRNA-transfected cells, which were set at 1. Experiments were performed from myometrium obtained from five patients.
Primary Amnion Cells
LPS does not induce matrix metalloproteinase (MMP) 9 expression in fetal membranes [59] ; thus, primary amnion cells were used to determine if the ER stress inhibitors decreased IL1B-induced MMP9 expression. Fresh amnion was obtained from women who delivered healthy, singleton infants at term (37-39 wk gestation) undergoing elective Cesarean section in the absence of labor (n ¼ 4 patients). Amnion epithelial cells were isolated and cultured as we have previously described [57, 58] . Cells at 80%-90% confluence were pretreated with 5 mM 4-PBA or 0.5 mM TUDCA for 60 min before the addition of 1 ng/ ml IL1B or 20 h. After 20 h incubation, cells were collected for analysis by gelatin zymography and qRT-PCR as detailed below.
Gelatin Zymography
Incubation medium was also collected and assessment of enzymes of ECM weakening and rupture (MMP9) was performed by gelatin zymography as previously described [60] [61] [62] . Proteolytic activity was visualized as clear zones of lysis on a blue background of undigested gelatin. Gels were scanned (ChemiDoc; Bio-Rad Laboratories) and inverted, and densitometry was performed using Quantity One image analysis software (Bio-Rad Laboratories). For the term explant studies, fold change was calculated relative to LPS, which was set at 1. For the amnion cell studies, fold change was calculated relative to IL1B, which was set at 1.
Immunohistochemistry
To determine the localization of ER stress markers GRP78, IRE1, and XBP1s in fetal membranes and myometrium, immunohistochemistry (IHC) was performed on paraffin sections as described previously [63] . Rabbit polyclonal anti-GRP78 (Santa Cruz Biotechnology) and rabbit polyclonal anti-IRE1 alpha (Cell Signaling) was used at 1:100 dilution, whereas mouse polyclonal anti-XBP1s (Biolegend) was used at 1:50 dilution in 1% (w/v) BSA in PBS. Primary antibodies were incubated overnight at 48C. The IHC Select Immunoperoxidase Secondary Detection System kit (Merck Millipore) was used to detect primary antibody staining. The biotinylated secondary antibody provided in the kit by the manufacturer was specific against rabbit and mouse IgG antibody. Negative control slides, where primary antibody was replaced with diluent, were also included.
RNA Extraction and qRT-PCR
Total RNA was extracted from cells and tissues using TRIsure reagent according to manufacturer's instructions (Biolinea). RNA concentration and purity were measured using a NanoDrop ND1000 spectrophotometer (Thermo Scientific). RNA quality and integrity was determined via the A 260 :A 280 ratio. RNA was converted to cDNA using the Tetro cDNA synthesis kit (Bioline) according to the manufacturer's instructions. The cDNA was diluted 50-fold, and 4 ll of this was used to perform RT-PCR using the SensiFAST SYBR NO-ROX Kit (Bioline) and 100 nM of predesigned and validated primers (Integrated DNA Technologies). The RT-PCR was performed using the CFX384 Real-Time PCR detection system (Bio-Rad Laboratories). Average gene Ct values were normalized to the average 18S Ct values of the same cDNA sample. Fold differences were determined using the comparative Ct method. For the labor studies, fold change was calculated relative to the nolabor group. For the term explant studies, fold change was calculated relative to ER STRESS AND HUMAN LABOR LPS, which was set at 1. For the amnion cell studies, fold change was calculated relative to IL1B, which was set at 1.
Western Blotting
Western blotting was performed as we have previously described [61] . Forty micrograms of protein was separated onto 7.5% polyacrylamide gels (Bio-Rad Laboratories) and transferred to nitrocellulose. Blots were incubated with 1 lg/ml mouse anti-XBP1s (Biolegend), 1:1000 dilution rabbit anti-IRE1 alpha (Cell Signaling), and 1:200 dilution anti-GRP78 (Santa Cruz Biotechnology) prepared in blocking buffer (5% skim milk/TBS-T [0.05%]) for 16 h at 48C. Membranes were viewed and analyzed using the Chemi-Doc system (BioRad Laboratories). Semiquantitative analysis of the relative density of the bands in Western blots was performed using Quantity One 4.2.1 image analysis software (Bio-Rad Laboratories). Data were corrected for background, normalized to Ponceau S staining, and expressed as the ratio of the no-labor group.
Cytokine and PG Assays
Assessment of IL6, IL8, and TNF cytokine release was performed using CytoSet sandwich ELISA according to the manufacturer's instructions (Life Technologies). The limits of detection of the IL6, IL8, and TNF assays were 16, 12, and 7.2 pg/ml, respectively. The release of IL1B was performed using DuoSet sandwich ELISA according to the manufacturer's instructions (R&D Systems Inc.). The limit of detection of the IL1B assay was 1.9 pg/ml. The release of PGE 2 and PGF 2a into the incubation medium was assayed using a commercially available competitive enzyme immunoassay kit according to the manufacturer's specifications (Kookaburra Kits; Sapphire Bioscience). The limits of detection of the PGE 2 and PGF 2a assays were 16 and 60 pg/ml, respectively. For all assays, the interassay and intra-assay coefficients of variation were less than 10%. Basal cytokine secretion between patients varied greatly. In particular, the basal groups in fetal membranes and myometrium had extremely low or undetectable levels of IL1B and TNF. Thus, fold change was calculated relative to LPS rather than basal.
Statistical Analysis
Statistics was performed on the normalized data unless otherwise specified. All statistical analyses were undertaken using GraphPad Prism (GraphPad Software). For two-sample comparisons, either a paired or unpaired Student ttest was used to assess statistical significance between normally distributed data; otherwise, the nonparametric Mann-Whitney U (unpaired) or the Wilcoxon (matched pairs) tests were used. For all other comparisons, the homogeneity of data was assessed by the Bartlett test, and when significant, the data were logarithmically transformed before further analysis using a one-way ANOVA (using least significant difference correction to discriminate among the means). Statistical significance was ascribed to P value , 0.05. Data were expressed as mean 6 SEM.
RESULTS
Localization of Markers of ER Stress in Human Fetal Membranes and Myometrium
The first aim of this study was to determine the protein expression and localization of the ER stress markers in fetal membranes and myometrium. The following components of the IRE1 pathway of the UPR were assessed: GRP78, IRE1, and its downstream activation product XBP1s (spliced form of XBP1). IHC was performed on fetal membranes and myometrium obtained at term Cesarean section. In fetal membranes, cytoplasmic GRP78, IRE1, and XBP1s staining was present in amnion epithelium, chorionic trophoblasts, and decidua (Fig. 1, A, C, and E) . Similarly, GRP78, IRE1, and XBP1s staining in longitudinal and transverse muscle fibers from myometrial tissue was also predominately cytoplasmic ( Fig. 1, B, D, and F) . No nonspecific staining was present in the NCs of either tissue (Fig. 1, G and H) .
Effect of Term Labor on IRE1 Pathway in Fetal Membranes and Myometrium
Having confirmed the localization of ER stress markers in fetal membranes and myometrium in term pregnant women, we next determined the effect of human term labor on GRP78, IRE1, and XPB1s expression in fetal membranes and myometrium. Fetal membranes were obtained at term Cesarean section in the absence of labor (no labor) and after spontaneous labor and membrane rupture (after labor) (n ¼ 8 patients per group). For these studies, fetal membranes were obtained from the SCS in the no-labor samples, and from along the rupture line in the postlabor samples. Myometrium was obtained at term Cesarean section in the absence of labor (no labor) and after spontaneous labor onset (after labor) (n ¼ 8 patients per group). Women were matched for maternal age, BMI, fetal birth weight, and gestational age.
GRP78, IRE1, and XBP1s mRNA expression was significantly higher in fetal membranes after spontaneous labor at term when compared to nonlaboring tissues (Fig. 2, A, C , and E). GRP78 and XBP1s protein expression was also significantly increased in fetal membranes after spontaneous term labor; however IRE1 did not change with labor onset (Fig. 2 , B, D, and F). In myometrium, GRP78, IRE1, and XBP1s mRNA expression was significantly higher in labor compared to nonlaboring samples (Fig. 3 , A, C, and E). Similar to fetal membranes, GRP78 and XBP1s but not IRE1 protein expression was significantly increased in laboring myometrium (Fig. 3, B, D, and F) .
Effect of Spontaneous Preterm Birth and Chorioamnionitis on IRE1 Pathway in Human Fetal Membranes
To determine the effect of spontaneous preterm birth (without infection) on markers of ERS stress, fetal membranes were obtained from women at preterm Cesarean section with no labor (no labor; n ¼ 10 patients), and after spontaneous preterm labor and normal vaginal delivery (after labor; n ¼ 10 patients). To determine the effect of chorioamnionitis on markers of ERS stress, fetal membranes were obtained from women after spontaneous preterm labor and normal vaginal delivery with chorioamnionitis (preterm infected; n ¼ 8 patients). Clinical details of the patients are presented in Table  1 .
There was no difference in GRP78 and XBP1s mRNA expression obtained from nonlaboring and laboring preterm fetal membranes of women without infection (Fig. 4, A-C) . However, GRP78 and XBP1s expression was significantly higher after preterm spontaneous labor and delivery in women with infection compared to nonlaboring women without infection. Conversely, IRE1 mRNA expression was significantly higher in fetal membranes collected after preterm spontaneous labor and delivery in women with or without infection when compared to preterm nonlaboring women (Fig.  4B) . Protein expression of GRP78 and XBP1s but not IRE1 was significantly higher in the after-preterm-labor group compared to the no-labor group (Fig. 4, D-F) . Western blotting could not be performed on fetal membranes from the chorioamnionitis group because of protein degradation [64] .
Effect of LPS on Markers of ER Stress in Human Fetal Membranes and Myometrium
Given that infection is one of the leading factors for preterm birth, the next aim was to determine the effect of bacterial endotoxin LPS on markers of ER stress in nonlabored fetal 
FIG. 2.
Human term labor increases ER stress in fetal membranes. Human fetal membranes were obtained from women not in labor at term Cesarean section and women after term spontaneous labor onset and delivery (n ¼ 8 patients per group). A, C, E) GRP78, IRE1, and XBP1s gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to the no-labor group. B, D, F) The protein abundance of GRP78, IRE1, and XBP1s was analyzed by Western blot. Representative Western blot from three patients in each group is shown. Protein abundance was normalized to Ponceau S staining and the fold change was calculated relative to the no-labor group. Data are displayed as mean 6 SEM. *P , 0.05 versus no labor (Student t-test).
FIG. 3. Human term labor increases ER stress in myometrium.
Human myometrium was obtained from nonlaboring and laboring women at term Cesarean section (n ¼ 8 patients per group). A, C, and E) GRP78, IRE1 and XBP1s gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to the no-labor group. B, D, and F) The protein abundance of GRP78, IRE1, and XBP1s was analyzed by Western blot. Representative Western blot from three patients in each group is shown. Protein abundance was normalized to Ponceau S staining and the fold change was calculated relative to the no-labor group. Data are displayed as mean 6 SEM. *P , 0.05 versus no labor (Student t-test). membranes and myometrium. LPS significantly increased GRP78 (3.4-fold), IRE1 (5.4-fold), and XBP1s mRNA expression (3.3-fold) in fetal membranes (Fig. 5, A-C) . In myometrium, LPS significantly increased mRNA expression of GRP78 (1.7-fold), IRE1 (2.1-fold), and XBP1s (2.0-fold) (Fig.  5, D-F) .
ER Stress Inhibitors Decrease LPS-Induced Prolabor Mediators in Human Fetal Membranes and Myometrium
The final aim of this study was to determine if ER stress contributes to LPS-induced expression of prolabor mediators in human gestational tissues. It is considered that ER stress is closely associated with inflammation [14-18, 24, 25]; therefore, treatment with inhibitors of ER stress may alleviate   FIG. 4 . Human preterm labor increases ER stress in fetal membranes. Human fetal membranes were obtained from women not in labor at preterm Cesarean section (n ¼ 10 patients) and women after preterm spontaneous labor onset and delivery with or without chorioamnionitis (n ¼ 8 and 10 patients respectively). A-C) GRP78, IRE1, and XBP1s gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to the no-labor group. Data are displayed as mean 6 SEM. *P , 0.05 versus no labor (Student t-test). D-F) The protein abundance of GRP78, IRE1, and XBP1s in fetal membranes obtained from women not in labor at preterm Cesarean section and women after preterm spontaneous labor onset and delivery was determined by Western blot analysis (n ¼ 6 patients per group). Representative Western blot from three patients per group is shown. Protein abundance was normalized to Ponceau S staining and the fold change was calculated relative to the no-labor group. Data are displayed as mean 6 SEM. *P , 0.05 versus no labor (Student t-test).
LIONG AND LAPPAS inflammation. In order to test this hypothesis, nonlabored fetal membranes and myometrium were preincubated with the ER stress inhibitors 4-PBA or TUDCA followed by stimulation with LPS. The efficacy of the ER stress inhibitors is demonstrated in Figure 6 . The significant increase in GRP78, IRE1, and XBP1s expression by LPS-stimulated fetal membranes and myometrium was reduced when they were preincubated with either 4-PBA or TUDCA.
As expected, LPS induced a significant increase in the gene expression and release of the proinflammatory cytokines IL1B, IL6, IL8, and TNF in both fetal membranes (Fig. 7) and myometrium (Fig. 8) . Overall, this increase in the expression and release of IL1B, IL6, IL8, and TNF by LPS-stimulated fetal membranes and myometrium was reduced with either 4-PBA or TUDCA (Figs. 7 and 8, respectively) . Although treatment with 4-PBA did reduce IL1B release in fetal membranes, this did not reach significance (Fig. 7G) . Additionally, preincubation with 4-PBA also did not significantly affect IL8 expression and release in myometrium (Fig. 8, B and F) . 4-PBA and TUDCA did not affect the basal secretion of proinflammatory cytokines in fetal membranes and myometrium in the absence of LPS (data not shown).
The effect of ER stress on cyclooxygenase-2 (COX-2; official gene symbol PTGS2) mRNA expression and subsequent PG (PGE 2 and PGF 2a ) release in myometrium is demonstrated in Figure 9 . LPS significantly increased PTGS2 and PGE 2 and PGF 2a secretion in myometrial tissue. LPSinduced PTGS2 expression and PG release were significantly reduced by TUDCA, whereas no effect was demonstrated by 4-PBA (Fig. 9) .
We have previously reported that LPS does not induce MMP expression in fetal membranes [59] ; thus, primary amnion cells stimulated with IL1B were used to elucidate the effect of ER stress inhibitors on the ECM-degrading enzyme MMP. The effect of 4-PBA and TUDCA on IL1B-induced MMP9 gene expression and pro-MMP9 secretion in primary amnion cells is demonstrated in Figure 10 . IL1B significantly increased MMP9 mRNA expression and pro-MMP9 expression by gelatin zymography. ER stress inhibitors 4-PBA and TUDCA significantly decreased IL1B-induced MMP9 gene expression and pro-MMP9 levels. There was no effect on MMP2 mRNA expression or pro-MMP2 expression (data not shown).
FIG. 5. LPS increases ER stress in fetal membranes and myometrium. Human fetal membranes (A-C)
and myometrium (D-F) were in the absence or presence of 10 lg/ml LPS for 20 h (n ¼ 6 patients). GRP78, IRE1, and XBP1s gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to basal. Data are displayed as mean 6 SEM. *P , 0.05 versus basal (paired-sample comparison).
ER STRESS AND HUMAN LABOR
The effect of ER stress and its inhibitors on MMP9 expression was also determined in myometrium (Fig. 11) . LPS significantly upregulated MMP9 mRNA expression and pro-MMP9 levels in myometrium. Pretreatment with either 4-PBA or TUDCA significantly alleviated LPS-induced MMP9 gene expression in myometrium. TUDCA and 4-PBA also significantly reduced pro-MMP9 levels in LPS-stimulated myometrium. There was no effect on MMP2 mRNA expression or pro-MMP2 expression (data not shown). F) were incubated in the absence or presence of 5 mM 4-PBA or TUDCA (2 mM for fetal membranes and 5 mM for myometrium) for 60 min and then treated with 10 lg/ml LPS for an additional 20 h (n ¼ 6 patients). GRP78, IRE1, and XBP1s gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to LPS. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA).
LIONG AND LAPPAS
siRNA Silencing of GRP78, ATF6, and IRE1 Decreases Proinflammatory Cytokine Secretion in Primary Human Myometrial Cells Lastly, to further confirm that ER stress is a modulator of the inflammatory response in human gestational tissues, siRNA knockdown of the components of the ER stress response was performed. For these studies, we used primary myometrial cells and the data presented in Figure 12 . In myometrium, IL1B induced upregulated secretion of IL6 and IL8. This increase in proinflammatory cytokines was reversed following siRNA knockdown of GRP78, ATF6, and IRE1 (Fig. 12) .
DISCUSSION
To our knowledge this is the first study to show that ER stress plays a role in the processes of human labor. We have reported the localization of ER stress markers GRP78, IRE1, and XBP1s in term fetal membranes and myometrium. These components of the IRE1 arm of the UPR were increased in fetal membranes and myometrium obtained from women after term labor. Gene and/or protein expression of GRP78, IRE1, and XBP1 was also increased in fetal membranes obtained from preterm women with chorioamnionitis or after spontaneous preterm birth. In keeping with this, LPS induced upregulated expression of GRP78, IRE1 and XBP1 in term nonlabored fetal membranes and myometrium. This increase in ER stress by LPS stimulation was reversed using ER stress inhibitors 4-PBA and TUDCA. In fetal membranes, inhibition of ER stress alleviated LPS-induced cytokine expression and release, and IL1B induced MMP9 expression and pro-MMP-9 secretion in primary amnion cells. Similarly, in myometrium, LPS induced proinflammatory cytokine, PTGS2, PG, and MMP9 expression, and pro-MMP-9 release was abrogated by treatment with either 4-PBA or TUDCA. Notably, siRNA knockdown of GRP78, IRE1 and XBP1 in primary myometrial cells was associated with a significant decrease in IL1B-stimulated secretion of the proinflammatory cytokines IL6 and IL8.
Disruptions to the proper folding of proteins in the ER can trigger inflammation [15-19, 25, 26] . The accumulation of misfolded proteins binds to GRP78; this leads to the dissociation of GRP78 from the IRE1 receptor, resulting in the subsequent activation of the IRE1/UPR pathway. Oligomerization-induced transautophosphorylation activates IRE1 upon dissociation of the GRP78/IRE1 complex during ER stress. Active IRE1 is responsible for XBP1 mRNA cleavage, generating the XBP1s splice variant. XBP1s activates the transcription of several cytoprotective genes to reestablish ER homeostasis. If ER stress persists, XBP1s will induce the synthesis of proapoptotic proteins to initiate cell death [23] . In this study, XBP1s was significantly increased in both fetal membrane and myometrium tissues collected from laboring women. In addition, GRP78 protein expression was significantly increased in myometrium but not in fetal membrane with labor. In this study, IRE1 mRNA expression was increased in fetal membranes and myometrium, whereas no change was detected in IRE1 protein levels. This suggests that posttranslational regulation of IRE1 may occur. Nevertheless, these findings suggest an increased activation of the IRE1 signaling arm of the ER stress response in laboring women.
There is increasing evidence that the IRE1 arm of the ER stress pathway plays a vital role in the pathogenesis of a FIG. 7. Effect of ER stress inhibition on proinflammatory cytokine expression in fetal membranes. Human fetal membranes were incubated in the absence or presence of 5 mM 4-PBA or 2 mM TUDCA for 60 min and then treated with 10 lg/ml LPS for an additional 20 h (n ¼ 6 patients). A-D) IL6, IL8, IL1B, and TNF gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to LPS. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA). E-H) The incubation medium was assayed for the concentration of IL6, IL8, IL1B, and TNF by ELISA. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA).
number of diseases. For example, IRE1 has been shown to directly induce insulin resistance by activating JNK and IKK proteins that impair insulin signaling [65] . Overexpression of GRP78 and IRE1-mediated XBP1 splicing are also associated with carcinogenesis, cystic fibrosis, and inflammatory bowel disease [66] [67] [68] [69] . Similarly, in this study we found that in fetal membranes and myometrium the IRE1 arm of the UPR is activated with spontaneous term labor, a process associated with increased inflammation [14] . Additionally, spontaneous preterm birth also resulted in the activation of the UPR. The causes of spontaneous preterm labor are multifactorial; however, infection and inflammation are considered to be the biggest etiological factor for the majority of early preterm births [12] . Thus, in this study, we sought to also elucidate the expression of ER stress markers in preterm pregnancies complicated by chorioamnionitis and in response to the bacterial endotoxin LPS. We found that chorioamnionitis and LPS were associated with the activation of the IRE1 arm in myometrium and fetal membranes. Notably, the chemical chaperones 4-PBA and TUDCA reversed this activation of the IRE1 arm by LPS.
PGs play a central role in the initiation and progression of labor by promoting uterine contractility and cervical ripening [70] . PTGS2 modulates PG synthesis and is upregulated in gestational tissues during labor [71] . IL1B and NFKB induce PTGS2 expression in myometrial cells [72] . As expected, in this study LPS induced significant increases in PTGS2 expression and secretion of PGE 2 and PGF 2a in myometrium. Interestingly, TUDCA but not 4-PBA was able to attenuate LPS-induced PTGS2 and PG synthesis. This discrepancy between the two chemical chaperones highlights their distinct targets in the UPR signaling pathways. Apart from facilitating protein folding, 4-PBA may alleviate ER stress by inhibition of histone deacetylases (HDACs). Gene expression is activated by HDACs; however, overexpression of HDAC6 can inhibit the chaperone activity of heat shock protein (HSP) 90 [73] . Conversely, TUDCA demonstrates antiapoptotic properties in vitro [74, 75] . It has been suggested that TUDCA may interact directly with the chromatin or with specific transcription factors in order to suppress gene expression.
Studies in nongestational tissues have demonstrated that ER stress inhibitors regulate proinflammatory mediators by the NFKB pathway. For example, LPS stimulation in the lungs increased markers of ER stress, inflammatory cytokines and NFKB and HIF1A activity, which were then reduced following 4-PBA treatment [76] . TUDCA also suppressed activation of NFKB and proinflammatory cytokines when administered to treat allograft injury caused associated with liver transplantation [77] . NFKB is an important upstream regulator of proinflammatory cytokines, PTGS2, PGs, and MMP9 [78] . Thus, it is feasible that the two chemical chaperones 4-PBA and TUDA may regulate prolabor mediators by inhibiting NFKB activation.
More recently, ER stress is thought to promote the activation of the NLRP3 inflammasome complex, leading to the subsequent release of IL1B and other inflammasomedependent cytokines [79] . IL1B is increased in labor, both at term and preterm, where it plays an important role in the induction of PTGS2, MMP9, and NFKB activation, leading to subsequent uterine contractility, cervical ripening, and fetal membrane rupture [9] . In addition, administration of IL1B to various animal models of pregnancy induces preterm birth [80, LIONG AND LAPPAS 81]. Our recent studies have shown that the inflammasome is activated in fetal membranes and myometrium from laboring women [55] . In this study, IL1B expression and protein secretion were significantly decreased in fetal membranes and myometrium when treated with 4-PBA and TUDCA, providing further evidence for the link between ER stress and inflammasome activation. Given these findings, further study is warranted to elucidate the role of ER stress and the inflammasome with respect to preterm labor and other adverse pregnancy outcomes.
Apart from infection, other associated risk factors for preterm birth include cigarette smoke and oxidative stress. Cigarette smoke induces ERK1/2 phosphorylation and NFKB activation, resulting in upregulated PTGS2 and PGs [82] . It has been demonstrated that cigarette smoke triggers ER stress mediated by upregulated GRP78 [83] [84] [85] . Oxidative stress induces NFKB activation, resulting in increased proinflammatory cytokines and PTGS2 expression [86, 87] . Chronic ER stress induces oxidative stress leading to cellular ROS accumulation [88] . UPR activation upregulates protein chaperones involved in disulfide bond formations of misfolded proteins, resulting in the production of ROS by-products. Interestingly, in comparison to studies in nongestational tissues, only modest increases in GRP78, IRE1, and XBP1s expression were observed in the uterine tissues. However, it should be acknowledged that many of the ER stress studies conducted in nongestational tissues are focused on chronic inflammatory diseases, e.g., obesity, diabetes mellitus, and metabolic and neurodegenerative diseases [44, 46, 47, 65, 69, 89] . Labor is characterized as an acute inflammatory event, rather than a prolonged chronic inflammatory state, which may explain the differences in our study compared to previous literature. Nevertheless, these findings may implicate ER stress to have an important role in the spontaneous onset of preterm birth.
Other studies have also demonstrated suppression of ER stress alleviated LPS-mediated inflammation in nongestational tissues. Indeed, LPS-induced lung inflammation was alleviated following treatment with 4-PBA in vivo [51] , and attenuation of bronchial asthma severity by 4-PBA has also been reported in vivo [76] , resulting in decreased expression of ER stress markers, leukocyte infiltration, and proinflammatory cytokine FIG. 9 . Effect of ER stress inhibition on PTGS2-PG pathway. Human myometrium was incubated in the absence or presence of 5 mM 4-PBA or 5 mM TUDCA for 60 min and then treated with 10 lg/ml LPS for an additional 20 h (n ¼ 6 patients). A) PTGS2 gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to LPS. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA). B and C) The incubation medium was assayed for the concentration of PGE 2 and PGF 2a by enzyme immunoassay. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA).
ER STRESS AND HUMAN LABOR levels. In support of these findings, 4-PBA or TUDCA has been shown to suppress the upregulation of TNF and IL6 induced by the ER stress activator tunicamycin [44] . Furthermore, this study has found primary myometrial cells deficient in GRP78, ATF6, and IRE1 expression were associated with reduced IL6 and IL8 secretion when stimulated with IL1B. It should be noted that siRNA knockdown was not performed in primary cells isolated from fetal membranes. It is acknowledged that this is a major limitation to the present study, and remains to be elucidated whether ER stress directly regulates prolabor mediators in fetal membranes. Nevertheless, our studies provide further evidence for ER stress to have a functional role as a regulator of proinflammatory cytokines and mediators.
In the present study, 4-PBA and TUDCA were used to examine the role of ER stress in regulating inflammatory pathways associated with labor. Although these are the most widely used chemical chaperones in studies investigating the contribution of the ER stress response in the pathogenesis of various diseases in nongestational tissues, protein chaperones are also present in the ER to assist in proper protein folding and/or assembly. Notable examples of protein chaperones include HSPs, which are activated by the UPR during ER stress and inflammation [90] . HSP90 regulates IRE1 protein stability [91] and activity [92] . Human HSP47 is a serine protease inhibitor and functions as a chaperone protein for collagen [93] . Collagen is a major component of the ECM and is responsible for maintaining fetal membrane integrity and cervical competency during pregnancy [94] [95] [96] . Protein disulfide isomerase is another protein chaperone and has been demonstrated to assist in the loading of antigenic peptides into major histocompatibility complex class I molecules for presentation to cytotoxic T lymphocytes leading to the initiation of the immune response [97] . Therefore, the ability of these additional chaperones to alleviate in regulating ER stress mediated inflammation in gestational tissues presents an interesting avenue for further research.
It is noteworthy that in this study both myometrium and fetal membranes shared similar ER stress responses to inflammatory stimuli. LPS stimulation of myometrial tissue and nonlabored fetal membranes was associated with elevated IRE1, GRP78, and XBP1s mRNA expression, which was FIG. 10. Effect of ER stress inhibition on MMP9 expression in fetal membranes. Human primary amnions were incubated in the absence or presence of 5 mM 4-PBA or 0.5 mM TUDCA for 60 min and then treated with 1 ng/ml IL1B for an additional 20 h (n ¼ 4 patients). A) MMP9 gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to IL1B. Data are displayed as mean 6 SEM. *P , 0.05 versus IL1B (one-way ANOVA). B) The incubation medium was assayed for MMP9 activity by gelatin zymography. Representative zymography from one patient is shown. MMP9 levels were confirmed by densitometry for amnion, and the fold change was calculated relative to IL1B-treated cells. Data are displayed as mean 6 SEM. *P , 0.05 versus IL1B (one-way ANOVA).
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alleviated by 4-PBA and TUDCA. Furthermore, LPS-induced upregulated expression and secretion of proinflammatory cytokines in both term nonlabored fetal membranes and myometrium, which was then alleviated by 4-PBA and TUDCA. During labor, proinflammatory cytokines IL1B, IL6, and IL8 levels are increased in the decidua, fetal membranes, myometrium, and cervix [98] . In addition, MMPs are responsible for the extensive remodeling of fetal membranes and uterine smooth muscle for subsequent formation of the lower uterine segment, membrane rupture, and cervical dilatation [99, 100] . MMP9 expression is highly inducible in response to various proinflammatory cytokines and mediators, including IL1B and TNF [101] , whereas MMP2 is constitutively expressed [11] . This study found 4-PBA and TUDCA preincubation resulted in reduced MMP9 expression in both primary myometrial and amnion cells, despite the use of different proinflammatory stimuli (LPS and IL1B, respectively) in order to induce upregulated MMP9 expression. Collectively, these findings demonstrate that despite differences in their cellular compositions and origins (maternal vs. fetal and maternal) both myometrium and fetal membranes display similarities in their inflammatory response as ER stress is alleviated. It is feasible that a positive feedback mechanism exists whereby labor-associated inflammation induces increased ER stress, resulting in a prolonged inflammatory state to allow for physiological changes such as cervical ripening, myometrial contractility, and fetal membrane rupture to occur.
Labor is widely accepted to be an inflammatory process. Inappropriate upregulation of IL1B, TNF, and IL6 expression can stimulate PG synthesis in intrauterine tissues, leading to spontaneous preterm labor [102, 103] . Increased IL1B present in amniotic fluid also induces collagen degradation and apoptosis, leading to subsequent fetal membrane rupture [74] . We demonstrated that fetal membranes collected from preterm women with chorioamnionitis or in spontaneous preterm labor were associated with upregulated markers of ER stress compared to nonlaboring, noninfected women. Our data suggest that although ER stress may be beneficial in normal term labor, the inappropriate activation of ER stress prior at preterm may be detrimental, especially in cases of infection. Therefore, the use of ER stress inhibitors as therapeutics may be a viable strategy to delay the onset of preterm labor. FIG. 11 . Effect of ER stress inhibition on MMP9 expression in myometrium. Human myometrium was incubated in the absence or presence of 5 mM 4-PBA or 5 mM TUDCA for 60 min and then treated with 10 lg/ml LPS for an additional 20 h (n ¼ 4 patients). A) MMP9 gene expression was analyzed by qRT-PCR. Gene expression was normalized to 18S mRNA expression and the fold change was calculated relative to LPS. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA). B) The incubation medium was assayed for MMP9 activity by gelatin zymography. Representative zymography from one patient is shown. MMP9 levels were confirmed by densitometry, and the fold change was calculated relative to LPS-stimulated myometrium. Data are displayed as mean 6 SEM. *P , 0.05 versus LPS (one-way ANOVA).
In conclusion, the results of this study provide evidence that ER stress and its stress responses in human fetal membranes and myometrium are key factors in modulating the inflammatory processes related to labor onset. Therefore, ER stress is a potential therapeutic target for the treatment of preterm birth. The U.S. Food and Drug Administration has approved the use of both 4-PBA and TUDCA as therapeutics in humans. Currently, 4-PBA is used to treat urea-cycle disorders in humans [104] , whereas TUDCA is used for treating cholestatic liver diseases [105] . These current therapeutic applications of 4-PBA and TUDCA in human diseases in nongestational tissues are promising. Thus, the use of 4-PBA or TUDCA could represent feasible therapeutic strategies to alleviate inflammation and promote of uterine quiescence in pregnant women at risk of experiencing preterm birth, especially in the presence of infection.
